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Using Proton Irradiation to Probe the Origins of
Low-Frequency Noise Variations in SiGe HBTs

Zhenrong Jin, Jarle A. Johansen, John D. Cressler, Robert A. Reed, Paul W. Marshall, and Alvin J. Joseph

Abstract—We use proton irradiation to probe the origins [1], [2], and the fundamental mechanism is regarded to be the
of the geometry-dependent variation of low-frequency noise in superposition of individual trapping/detrapping processes due
120 GHz SiGe heterojunction bipolar transistors (HBTs). Before to the presence of G/R centers in the device. Each G/R center

irradiation, small-sized transistors show a strong variation in noise ntribut Lorentzian-t 2) noi ianature. Given
magnitude across many samples, whereas the noise in larger device<™© utes a Lorentzian-typgl/f*) noise signature. e

is more statistically reproducible. Although the noise magnitude @ sufficient number of traps and a particular distribution of
shows little degradation after 2 x 10'® p/cm? irradiation, characteristic time constants associated with the G/R centers,
the observed noise variation decreases. Its dependence on bothhese Lorentzian processes combine to produce the observed
geometry and bias is quantified. This fundamental geometrical 1/ noise behavior [3]. At sufficiently small size, however, the
scaling effect is investigated using theoretical calculations based . ’ !

total number of traps is small enough that righy* behavior,

on the superposition of generation/recombination (G/R) noise o =
sources. and large statistical variations, can be observed. These trap-

Index Terms—Bipolar transistors, heterojunction bipolar tran- ping/detrapping processes modulate the number of carriers and,

sistor (HBT), low-frequency noise,1/ f noise, proton irradiation, ~tNUS, are best described by number fluctuation theory [1]-{13]
SiGe. instead of mobility fluctuation theory [14]-[18].

In this work, we intentionally introduce additional traps into
the transistor via proton irradiation in order to probe the physical
|. INTRODUCTION origins of the observed LFN variations in 120 GHz SiGe HBTS.
iGe heterojunction bipolar transistor (HBT) bipolar comin addition, this work provides valuable information on whether
lementary metal-oxide—semiconductor (BiCMOS) teclisuch LFN variations are potentially important in space-borne
nology offers high-level integration, low cost, and high-speedpmmunications applications.
and is being increasingly used for mixed-signal circuit appli-
cations. Low-frequency noise (LFN) in transistors usually has
a1/ f-like spectrum, and sets the lower limit on the detectable [l. EXPERIMENT
signal level, not only in the low frequency range, but also at
high frequencies via the up-conversion to the carrier frequenc
through the nonlinearities of the device (phase noise). Undf
standing LFN is thus a crucial design issue in direct-conversi

receivers, oscillators, synthesizers, amplifiers, and mixers . . .
y P current noise spectrufiby, ) was investigated [1], [2], [6], [7].

digital, analog and optoelectronics applications. The transistor was biased in mmon-emitier confiauration
Transistors are aggressively scaled (down-sized) in order V\tlotﬁ Va S_S gv 'Ia'lﬁe daest:ils ofatlhzonoisz r:easuereriloentgst;gne%
improve performance and integration level. One design issu cB = ) X .
b P 9 g n be found in [20]. Transistors with emitter ardafs;) of

associated with geometrical scaling is that the LFN often shoyy 9 5 o
a different frequency dependence for each individual devigiaeil;< ?é? er?d ,e?ré;?];réifeflf:r?gg.fj :S({;I‘;? Men’]’ “Vr\rlweerde' m
[1], [2], and this can directly affect both circuit performanc ured, g€, ium,

and accurate compact modeling. This LEN variation has be d “small” devices. For meaningful statistical comparisons,

observed in BJTs and SiGe HBTs in very small-sized devicgg( tran5|st_ors of each transistor size were characterized on
separate die from the same wafer.

. ) ) ) The samples were diced and attached to a ceramic holder and
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Fig. 1. (a) Pre-rad noise spectra from large transistofgat 3.6 pA/pm?.  Fig.2. (a) Post-rad noise spectra from large transistofg at 3.6 pA/pm?.
Six samples are shown. (b) Pre-rad noise spectra from small transisfgys-at  Six samples are shown. (b) Post-rad noise spectra from small transistgrs-at

3.6 uA/pm?. Six samples are shown. 3.6 uA/pm?. Six samples are shown.
Il. M EASUREMENT RESULTS 1 &
. . SIB.avg = N Z SIB.& (1)
In Fig. 1, we compare the measured noise spectra from Py

six samples of small and large SiGe HBTs. The devices were

biased at the same base current der(sity) to obtain a similar Where: indicates theth sample, andV is the total number of
forward voltage bias on the base-emitter junction. Observe tis@mples{ is then averaged over the measurement frequencies).
the noise spectra, shown in Fig. 1, exhibjtf* frequency =~ The observed noise variation before proton irradiation is not
dependences with close to but slightly larger than unity. Thisstrongly dependent on base current density, as can be seen in
deviation from1/f frequency dependence could be a resuftig. 3. This is consistent with our observation of the measured
of thermally activated processes, as suggested by Dutta—HB@ise spectra, which only increase in magnitude, and not in
model [23]. Interestingly, we observe a large statistical variatiéfiape, with increasing bias current. After proton irradiation,
of the LFN spectra between different samples of the smé&®wever, the noise variation shows a significant decrease for
transistors, whereas the large devices show a very simithe small devices, especially at laly, but shows a smaller de-
LFN signature among different samples, consistent with ogfease for the medium and large devices, as shown in Fig. 3.
earlier results on a 90 GHz SiGe technology [2]. Post-radiatidite noise variation thus now depends both on geometry and
noise spectra of small and large SiGe HBTs are compare@s. Itis clear that radiation exposure changes the noise varia-
in Fig. 2. It is clearly seen that noise variation decreases fé®n in these SiGe HBTSs. Interestingly, after irradiation, the av-
small devices, but remains nearly the same for large devicegage noise magnitude shows little degradation at the three bias
The variation in noise at a spot frequency (a measured singlrent densities for the three geometries, as shown in Fig. 4.
frequency) between the samples of the same geometry Wasthermore, if we track the noise spectra of the pre- versus

quantified using a variation coefficiefit), given by the standard post-irradiated individual devices for the small transistors at low
deviation formula [1], [2]: bias current, two of them show an observable noise magnitude

change, while the others only show changes in noise spectral
shape. This suggests that the changes in the pre- and post-radi-
ation noise spectra is a random process, and should be captured
by a statistical model.

1 1
S, | N-1

al 2
(SIB.i - SIB.avg)
=1

)
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Fig. 4. Noise magnitude versus; at 10 Hz before and after irradiation. Fig. 6. Superposition of Lorentzian (G/R) spectra yieldy & spectrum.
where o is the amplitude (with units of42) and 7 is the

The noise was measured with the base current held consiemracteristic time constant. The noise spectrum is flat at
from sample-to-sample. Due to small variations in the dc paratow frequency and decreases B&f? at high frequency. The
eters, we observed slight variations in the base-emitter voltagigerposition of a large number of Lorentzian spectra with a
needed to obtain the desired base current, and also a variafign distribution results in the usually observédf spectrum
in the resulting collector current due to variations in the curref8], as illustrated in Fig. 6.
gain at a fixed base current from sample to sample across thén [2], the1/f noise in SiGe HBTs was expressed as the su-
wafer. The observed variation in current gain afg was also perposition of such Lorentzian noise sources. The preSgad
calculated using the standard deviation formula. The results @epends on bias and geometry, as seen in Fig. 4. The best fit
shown in Fig. 5. The variation in th& parameters is negligible to the data shows 43*A%? dependence. Following the same
compared to the large variation in the noise, and hence the pibecedure outlined in [2], to obtain a best fit to the pre-radia-
served noise variation is clearly not caused by variations in ttien measurement data, an empirical expression of the low-fre-

transistor dc parameters alone. guency noise spectrum can be written as [1], [2]
Nz A0.2 724,
IV. MODEL AND DISCUSSION Sy, = ZA E /B i 3)
- ~ 1+ 2nfn;
A. Pre-Radiation i + (2mfm)

An intuitive explanation for the physical basis of carriepvhere A is a constantr; is the characteristic time constant of
number fluctuations in bipolar junction transistors (BJTdj1e#th independent traps and has to be distributed /asto
depends on the trapping/detrapping of carriers by traps at {H@duce a/f spectrum, andVz is the total number of charac-
interfaces or oxide layers in the device [9]. The noise of ealgyistic time constants associated with traps in the device and
individual trapping/detrapping process theoretically exhibitsR{oPortional toAx. When Ny is large enough, which is the

Lorentzian spectrurtil / £2), which can be expressed as case in the large device, (3) yields Af spectrum. WheiVr is
small enough, corresponding to the small device case, the spec-
g N T trum modeled by this equation will show a deviation fragy
Ip =

1+ (2nfT)? @ behavior. Five hundred different characteristic time constants
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Fig. 7. Noise variation from measured and calculated noise spectra essusgiq. 8. ., and I versusVy, for a small transistor before and after

before irradiation. The number of traps used in the calculations is indicated [R5 giation.
each size.

number of traps is large enough, as expected from (4). Hence,

were generated over the rang&2r x 107) to1/(2r x 10~°)  an empirical expression faf;,, ..., can be obtained as
with a1/7 distribution. To best fit the data, three characteristic

time constants were chosen for the small-sized device, 12 were g _ Z JBT; )
chosen in the medium-sized device, and 50 were chosen in the Isscr = - 1+ (2nfr;)?

large-sized device. In the calculation, characteristic time con- ) =t . .
stants were randomly drawn from the previously generated 5w6ererj is the characteristic time constant associated with the

cases, which havelgr distribution, for every calculation of the 7t radiation-induced traps is a constant, andVz,r is the
small, medium, and large deviced = 1.1 x 10-23). number of characteristic time constants associated with traps

Six individual calculations (to mimic the six independenf’duced by radiation, which is assumed to be proportional to the
measurements) were performed for each size device, and Rtter perimeter. The post-radiation spectrum can be obtained
resultant noise variation coefficient of the six calculated spect?¥ 2dding (3) and (5)

Nt r

is shown in Fig. 7, which is consistent with the measuredSr, .o« = Sr, + S1p son (6)
data. The calculated noise variation is bias independent as Ny 04 109 Nr.r

expected from (1) and (3). These calculations indicate that a — ZAM Z &_ @)
small number of traps indeed leads to the observed large noise —~ 14 (2rfr)? 1+ (2 f;)?

variation in the small devices. SinceS;, increases much faster thah,, ... when.Jp in-

L creasesSy, can be the dominant term at high bias in (7). Itis
B. Post-Radiation thus possible to see that the noise variation shows a decrease

Proton irradiation generates traps at the Si-SiQlerface at low .Jz, rather than at high/z for the same size devices,
[24] at the E-B spacer around device emitter perimeter [2@s shown in Fig. 3. For small devices with a small number of
These traps create a nonideal base current component duprtsradiation traps and a large noise variation, a few more radi-
increased space-charge region (SCR) G/R center recombinatition-induced traps can effectively decrease the noise variation
current near the surface, as confirmed in Fig. 8. The dc degradaeertain/. It is thus possible to see a relatively large decrease
tion of SiGe HBTS after proton irradiation has been extensivetyf noise variation for small devices compared to the medium and
investigated in [25]. large devices.

Assuming that the observed radiation-induced noise increasdo best fit the data, one characteristic time constant associ-
is mainly due to these peripheral traps, the radiation-inducetéd with radiation-induced traps was added to the small-sized

LFN increaseS;, .., can be expressed as [20] device after irradiation, two were added to the medium-sized
one, and five were added to the large-sized He= 5.2 x

SIp sor = CJBnT7RPEa—H (4) 107'®), consistent with a uniform trap generation rate at the de-

f vice perimeter. The post-radiation calculation results are shown

whereC is a constant that is independent of bias and geometty,Fig- 9, and are in agreement with the measured data. The
nr g is the peripheral trap density induced by radiatidt, calculated results of average post—_radlatlon noise magnitude are
is the emitter perimeter, andy is the Hooge constant. Thus,alSo close to the data, but for brevity are not shown.
radiation-inducedS;,, ..., shows an/p and Pr dependence.

By analogy to the pre-radiation behavior, assuming each radia- V. SUMMARY

tion-induced trap has a Lorentzian spectrum, the radiation-in-We have investigated for the first time the effects of proton
duced noise power spectral densHy, .., can also be ex- irradiation on the low-frequency noise variation in aggressively-
pressed as a superposition of Lorentzian spectra provided thedled SiGe HBTs. The pre-radiation LFN variation is geometry
the superposition shows .8z and Pr dependence when thedependent and largest for the smallest devices, but shows little
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Fig. 9. Noise variation from measured and calculated noise spectra versus
Jp after irradiation. The number of additional characteristic time constants
associated with radiation-induced traps used in calculations is indicated for each

size.

(10]

dependence on bias. After irradiation, however, the overalhy
noise magnitude shows little degradation, but the noise variation
decreases significantly for the small devices, and shows bmﬂz]

geometry and bias dependence.

The pre-radiation noise can be expressed as a superposition of
individual G/R traps, and the number of characteristic time conl13]
stants associated with G/R trap centers is proportional to the area
of the transistors. The calculation shows a small number of pre-

radiation traps leads to a large noise variation. The radiation-in-
duced noise is written as another set of superposed G/R tra

14
2]

and added to the pre-radiation expression, and the number pb]
characteristic time constants associated with radiation-induced

G/R traps is proportional to the emitter perimeter. Calculationg g
show that such radiation-induced traps can decrease the noise

variation, consistent with the data.

Advanced device technologies with aggressively—scale&1 ]
emitter geometries have a size-dependent low-frequency noiges)
variation, and this variation is sensitive to proton irradiation.
Proton irradiation can decrease the noise variation without any

significant degradation in noise magnitude, and thus favors

thgo)

application of scaled SiGe HBT technology in the radiation en-
vironment. This size variation is believed to be fundamental to
scaled bipolar technologies and, thus, is of potential concern for
noise-sensitive circuits operating in the radiation environment.
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